Abstract: Calcium phosphate cement (CPC) has biocompatibility and osteoconductive property, but it has some drawbacks, such as wash-out and rigid and brittle properties. Such drawbacks can be overcome by fast-setting and gelation of the CPC paste. The CPC powder is a mixture of tetracalcium phosphate and dicalcium phosphate dehydrate. A low or medium molecular weight chitosan (low-or med-chitosan) and malic acid solution were used in the liquid phase to develop fast-setting and high work-of-fracture CPC materials. The incorporation of 1.25 -2.5 wt% chitosan increased a tripled work-of-fracture to 12.0 kJ/m 2 when not using chitosan. The setting time was 2.8±0.3 min and 5.5±0.5 min when 2.5 wt% low-or med-chitosan was used, respectively. The "non-rigid" and "fast-setting" CPC cement was successfully obtained by adding chitosan and malic acid to the liquid phase, and the incorporation of med-chitosan may produce a high work-of-fracture and stable CPC with a desirable setting time.
INTRODUCTION
After the development of self-hardening calcium phosphate cement (CPC) in the 1980s, 1 extensive studies have been made to improve the properties of the CPC. The CPC consists of tetracalcium phosphate (TTCP) and dicalcium phosphate anhydride (DCPA) or dehydrate (DCPD) that hardens through a hydration process. CPC has been used in bone defect repairs. The CPC powder mixed with an aqueous liquid forms a paste, which can be injected into the affected body part to convert in situ to hydroxyapatite. Injectable CPC can be used to treat vertebaral compression fractures caused by osteoporosis, osteolytic metastasis, and myeloma 2 . The percutaneous vertebroplasty with polymethylmethacrylate (PMMA) remains intra-operative with long-term complications, including hypotension and the lack of osseous integration 1 . CPC is biocompatible, highly osteoconductive, and is a readily osseointegrated material whose physical properties are similar to that of cancellous bone.
CPC tended to decay or disintegrate upon early contact with blood or body fluids. Such a wash-out was overcome by the fast setting and gelation of the CPC paste. The former was achieved by adding sodium hydrogen phosphate 3 or dicarboxylic acid 4, 5 . Dicarboxylic acids are known to chelate calcium-containing powders and thus an initial setting reaction can be achieved by a chelating reaction. The latter was achieved by adding a viscous gel to the aqueous liquid phase. Sodium alginate, chitosan, collagen and other materials are reported to be effective [6] [7] [8] [9] [10] [11] . Chitosan is a biocompatible polysaccharide from the deacetylation of chitin as a natural biopolymer. Chitosan possesses properties similar to bone regeneration, while hardened CPC catastrophically fractures at a relatively small strain, like brittle ceramics. To sustain large strains without fracture, the addition of chitosan and its derivatives is available for forming non-rigid matrices.
The aim of this study is to investigate the effect of chitosan of different molecular weights in the liquid phase to obtain a "non-rigid" and "fast-setting" CPC cement. The CPC powder, a mixture of tetracalcium phosphate (TTCP) and dicalcium phosphate dehydrate (DCPD) was used. Chitosan and malic acid, a dicarboxylic acid, was used in the liquid phase to promote setting at a low pH value 5 . First, the desirable setting time and mechanical properties were investigated by varying the contents of chitosan and malic acid. Next, low-and medium-molecular chitosans were used to evaluate the setting time and compressive strength. The determination of the setting time of the CPC cement was done by the vicat method. The wet compressive strength of the CPC paste immersed in pure water for 1-7 days was measured. The phase and morphology changes in the CPC during the immersion in pure water was carried out by powder X-ray diffraction and SEM analyses.
MATERIALS AND METHODS

Materials
The tetracalcium phosphate (Ca 4 (PO 4 ) 2 O, TTCP) powder was synthesized from solid-state reaction between equimolar amounts of dicalcium phosphate dihydrate (CaHPO 4 ・2H 2 O, DCPD, JIS Special Grade, Wako Pure Chem. Ind., Ltd., Japan) and calcium carbonate (CaCO 3 , JIS Special Grade, Wako Pure Chem. Ind., Ltd., Japan), which were mixed in a ball mill with 90 wt% Milli-Q water and zirconia balls. The mixture was filtered, dried and uniaxially pressed to form a pellet. The pellet was heated at 1500 ºC for 5h in air using a furnace (Super MIni, Marusho Denki Co., Ltd., Japan). The heated pellet was ground in an agate mortar, then sieved to obtain the TTCP particles with sizes ranging under 75 µm. The DCPD powder was also ground for 48h in a ball mill with 90wt% Milli-Q water and zirconia balls, to obtain DCPD particles with sizes ranging approximately 1 µm or less. The obtained TTCP and DCPD powders were then mixed in a blender (Mini Blender, Osaka Chemical Co., Ltd.) in equimolar amounts to form the CPC powder 1 . The liquid is aqueous solutions of malic acid (C 4 H 6 O 5, DL-Malic Acid, JIS Special Grade, Wako Pure Chem. Ind., Ltd., Japan) and low or medium molecular chitosan ((C 6 H 11 NO 4 ) n , medium or low molecular, Sigma-Aldrich Co.). Two types of CPC specimens were prepared. The first CPC specimens were prepared from the CPC powder and liquid containing 2.5 wt% low molecular chitosan and 1, 1.5, 2 and 2.5 wt% malic acid. The second CPC specimens were also prepared from the CPC powder and liquid containing 2.5 wt% malic acid and 0, 1.25, 2.5 and 3.75 wt% low or medium molecular weight chitosan (low-chitosan or med-chitosan). The powder/liquid ratio was 3.
Characterizations
The setting time and the compressive strength were determined in accordance with JIS T6602. The setting time was evaluated using a Vicat needle apparatus with a 1 mm 2 tip (A-004, Japan Mecc Co.,Ltd., Japan) at a 300 g load. The CPC powder and liquid were mixed for 90 sec and the obtained paste was placed in a cylindrical Teflon mold 5 mm in height and 10 mm in diameter. Each mold was vertically placed between two plastic plates, then stored in an incubator at 37 ºC and 100% humidity. The specimen was removed from the incubator and the Vicat needle was gently placed on the surface of the specimen. The Vicat needle was placed on the surface of the specimen every 30 sec till the needle failed to make a perceptible circle on the surface of the specimen. The procedure was repeated 3 times for every specimen.
The specimens for the compressive strength measurement were made as follows. The mixture of CPC powder and liquid prepared in the same manner as described above was placed in a cylindrical Teflon mold 12 mm in height and 6 mm in diameter. Each mold was vertically placed between two plastic plates, then stored in an incubator at 37 ºC and 100% humidity for 1 h. The hardened specimens were demolded and immersed in 50 ml of Milli-Q water, then stored in an incubator at 37 ºC for 24 h prior to testing. The compressive strength was measured by a universal tester (AG-10, Shimadzu Co., Japan) at the cross-head speed of 0.5 mm/min. The procedure was repeated 5 times for every specimen. The crystal phase analysis of the set cement was carried out using an X-ray diffract meter (RINT2200, Rigaku Co., Japan). The cement samples were made by placing them in 100% humidity for 24 h at 37ºC, immersing in Milli-Q water for 24 h at 37ºC and then drying at 50ºC for 24 h followed by pulverization for the X-ray analysis. The measurement was carried out at the scanning speed of 2 degrees 2θ/min using Co-K α radiation generated at 30 kV and 20 mA. Scanning electron microscopy (FE-SEM, JSM-6500F, JEOL Ltd., Japan) was used for the morphological studies of the cement samples.
RESULT AND DISCUSSION
Materials
The XRD patterns of the sample obtained by heating the mixture of DCPD and CaCO 3 at 1500 ºC for 5h in air were identical to that of the ICDD data (TTCP, #25-1137). FIGURE 1 show the particle size distributions of DCPD (a) and TTCP (b). Both were ground for 24 hrs using a pot mill with ziroconia balls and Milli-Q water. The size of the TTCP particles ranged from approximately 1 μm to 100μm, and the median particle size was around 20μm. The size of the DCPD particles ranged from approximately 0.2 μm to 10μm, with the median particle size of around 20μm.
Setting time and compressive strength of CPC cement
Effect of malic acid addition to liquid FIGURE 2 shows the setting times of the CPC specimens prepared from the CPC powder and liquid containing 2.5 wt% low-chitosan and 1, 1.5, 2 and 2.5 wt% malic acid. The powder/liquid ratio was 3. Three specimens were used for the measurement (n=3). When the CPC contained malic acid higher than 3 wt%, the CPC sets too rapidly to measure the setting time of the specimens. The setting time has a tendency to decrease with an increase in the content of the malic acid. When the applied malic acid was increased from 1.5 wt% to 2.0 wt%, then the setting time remarkably decreased. This may be caused by the dicarboxylic acid, which forms a Ca chelate and reduces the pH value 5, 12 .
FIGURE 3 shows the compressive strengths of the CPC specimens prepared from the CPC powder and liquid containing 2.5 wt% low-chitosan and 1, 1.5, 2 and 2.5 wt% malic acid. The powder/liquid ratio was 3. The CPC was immersed in Milli-Q water at 36.5ºC for 24 h. Five specimens were used for the measurements (n=5). When the CPC contains malic acid higher than 3 wt%, the setting time is too rapid to make specimens. When the CPC contains malic acid lower than 0.5 wt%, the 2.5wt% chitosan does not dissolve in the malic acid solution. The compressive strength increased with the increase of malic acid in the CPC. For specimens containing 2.5 wt% malic acid, the compressive strength is 30.3±3.6 MPa, which was 2 times higher than that of the CPC containing 1 wt% malic acid. CPC containing a dicarboxylic acid solution showed a higher initial mechanical strength based on the chelate formation between the dicarboxylic acid and the calcium component of the CPC. 13 The degree of chelation was affected by the dicarboxylic acid concentration 12 , so the compressive strength increased with the increase of malic acid in the CPC.
Effect of chitosan addition to liquid FIGURE 4 shows that setting times of the CPC specimens prepared from CPC powder and liquid containing 2.5 wt% malic acid with 0, 1.25, 2.5 and 3.75 wt% low-or med-chitosan. The setting times were around 5 min for the CPC paste containing 1.25 -2.5 wt% chitosan, longer than the others. The setting times of the CPC paste containing med-chitosan are longer than that for those containing the low-chitosan, which may be due to the higher viscosity of the med-chitosan. FIGURE 3. Compressive strengths of the CPC specimens prepared from the CPC powder and liquid containing 2.5 wt% low-chitosan as a function of malic acid mass fraction (%). The powder/liquid ratio was 3, and the CPC specimen was immersed in Milli-Q water at 36.5ºC for 24 h (n=5). FIGURE 5 shows the compressive strength and fracture energy of CPC specimens prepared using the CPC powder and liquid containing 2.5 wt% malic acid and 0, 1.25, 2.5 and 3.75 wt% low or med-chitosan. When the CPC contains chitosan higher than 5 wt%, the CPC paste seems to very quickly become waterless and was very difficult to be mixed. When the CPC contains 1.25 wt% chitosan, the compressive strength is the highest. The fracture energy increased with an increase in the chitosan mass fraction.
The compressive strength and fracture energy has tendency to increase with an increase in the chitosan mass fraction. The chitosan may serve as a glue to fuse the HAp particles together, and therefore, the CPC sample containing chitosan was much denser and could sustain higher stresses 8, 14 . When the chitosan mass fraction was higher than 2.5wt%, the compressive strength decreased. A higher amount of chitosan incorporation into the CPC paste may produce weaker areas of formation in the chitosan matrix 8 . The improvement in the fracture energy of the CPC containing med-chitosan was caused by the higher yield strain of the CPC containing FIGURE 6 shows the compressive strength and fracture energy of the CPC specimens with liquid containing 2.5 wt% malic acid and 2.5 wt% low or med-chitosan immersed in Milli-Q water for 1, 3, and 7 days. The compressive strength and fracture energy of the CPC containing the low-chitosan decreased with an increase in the immersion period, while the compressive strengths and fracture energies of the CPC containing med-chitosan were higher than the former. The solubility of the low-chitosan is higher than that of the medium-chitosan, and the low-chitosan may dissolve in the Mill-Q water, therefore, the compressive strengths and fracture energies of the CPC containing low-chitosan were weaker, and the compressive strength and fracture energy of CPC containing med-chitosan remained constant for 3 and 7 days in the Milli-Q water. (c) (d) FIGURE 8 . SEM images of the fracture surfaces of the CPC specimens containing 2.5 wt% malic acid and 2.5 wt% low-chitosan (a, b), and 2.5 wt% medium-chitosan (c, d). The images (b) and (d) are the magnified images of the frame in (a) and (c). The powder/liquid ratio was 3, and the CPC specimens were immersed in Milli-Q water at 36.5ºC for 24 h.
